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Abstract.

. the Qffice of Naval Research Contract

This report presents the results of open water tests and observavion
of the cavitation characteristics of systematic series of flow
decelerating type of nozzles (or pumpjets). The tested nozzls shapes
have been derived theoretically. The results of these theoretical
calculations and of the experiments, are pretanted in a non=-
dimensional form in graphs and tables.

A discussion of the results is given. !

Administrative information. 3

This research was carried out under the Naval Ship Systems Command,
General Hydromechanics Research Program SR 009 01 01, administered
by the Naval Ship Research and Development Center. Prepared under

N 62556 4555
This document is subject to special export controls and each
transmittal to foreign Governments or foreign Nationals may be
made only with prior approval of the Naval Ship Research and
Development Center, Washington, D.C. 20007.
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1. Introduction.

Important parameters for the design of the nozzle of a ducted
propeller are (see also Pig. 1):

2
the thrust coefficient, CT=T/V2/’ Ve2 “/40
the propeller thrust - totdl thrust ratio, ’L=TF/T

and further the nozzle length - diameter ratio l/b , the thickness: "

distribution and maximum thickness of the nozzle profile S/,
the percentage of nozzle lengtii in front of the propeller iﬁ_,
and the hub-diameter ratio Q/D .

The ductied propeller with the accelerating flow type of nozzle
has been tested extensively in the past and is now frequently
used in cases where thke ship screw is heavily loaded. A positive
thrust is developed on the sccelerating nozzle ( T<1 ). For heavy
screw loads (CT>'2“3) en accelerating nozzle can improve the
efficiency of the propulsion sjstem.

The application of the flow decelerating nozzle may be attractive:
if retardation of propeller cavitation phenomena is desired. This
retardation of propeller cavitation will also lead to a reduction
in noiss level which may be of importance for tectical reasons.

The reduction of the flow rate inside the decelerating type of
nnzzle, results in an increment of the static pressure &t the
impeller. This increment is attractive from a point of view of
retardation of screw cavitation. The duct itself. however, will
produce a negative thrust (T>1 ), In order to compensate for
this thrust loss (induced nozzle drag), the screw loading must be
increased. An improvement of cavitation jjroperties of the screw
will therefore only be obtained i1f the gain in static pressure at
least cempensates the unfavourable effect of ‘the increased screw
loading.,

v o e
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}

E The present report presents the results of investigations into
; suitable nozzle shapes for flow decelerating nozzles, These
investigations are a continuation of the investigation which
has been carried out uwnder the Bureau of Ship's, General
Hydrodynamic Research Program, S-R0O09-01-01, administered by
the Naval Ship Research and Development Center, contract number
N 62558-3960 and which covered the following details (see also
Ref. [1] ): |

-~ Development of a simplified method for the calculation o
nozzle shapes based op vortex theory. The effect of a fialte
hudb and the thickness of the nozzle profile was tsken into

. account,

\\0 ! - Selection of three nozzle shapes with the aid of the above

j theory, each designed for operating at the same thrust
“ coefficient Ct (Cys@ 0.95), but for different propeller
a thrust-total thrust ratios T (T % 1.00; 1.15 and 1.30).

‘ Leasurements in the cavitation tunnel were performed with

these nozzles. | :

y - Investigation of the validity of the approximate method for

~ the calculation of the nozzle propeller performance by a

comparison with the results of the measurements in the

cavitation tunnel.

W P oa
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-

The present report gives the results uf the calculations of
suitable nozzle shapes for flow decelurating nozzles in a more
detailed way., . o T e
A rnamber of nozzle sliapes with the following variation of the
design parameters have been manufactured and tested:

la

Casitoies SRS givoss SRR mtcann:]
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' l Nozzle- .
1 ] No. ‘1 v o a/L S/L d/D
1 30 0.95 1.00 0.6 0.5 0.15 0.20
. ] 1 0.95 1.1 0.6 0.5 0.15 0.20
1 32 0.95 1. 30 0.6 0.5 0.15 0.20
1 33 1.00 1.20 0.6 0.5 0.1 0.20°
1.1 ] 34 1.00 1.20 0.6 0.5 0.0 0.20
- 35 1.00 1.20 0.9 0.5 0.10 0.20
36 1.00 1.20 1.2 0.5 0.075 0.20

The experiments with these nozzles in combination with a screw
series designed for nozzle no. 31, were carried out both in the .
towing tank and in the cavitaetion tunnel. The results of the open
water tests (with all nozzles shapes) and of the flow observations
in the cavitation tunnel (with nozzles nos. 33 and 36) are shown
graphically in non-dimensional form. A discussion of the results
is given.

2. Method for the calculation of systematic nozzle series.

A simplified method has been used, based on vortex theory, to
engble the calculation of the nozzle propeller characteristics
of systematic series of nozzle shapes. The calculations were
based on the assumption that the forward velocity of the ducted
propeller system was sufficiently large and the impeller and
nozzle loading were sufficiently low to permit the application
of a linearized theory.

The ducted propeller system considered was assumed to consist

of an annular airfoil surrounding an impeller having an infinite
number of blades. The impeller is regarded as a uniformely loaded
actuator disc, set normal to the free stream. It is driven tn
rotate in its own plane with sngular velocity w)

- -,ia_ ‘
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The nozzle was represented by source and vortex rings, axially
distributed at the nczzle mean radius. The source distribution
represents the thickness effect of the nozzle; the vortex density
along the nvzzle, representing the nozzle loading, was chosen
sinusoidal with zero strength at the leading and trailing edges
of the nozzle.

The total induced velocities due to the different vorvex and
source distributions representing the impeller and the mnozzlo

can be calculated according to the law of Biot-Savart if the

main dimensions of the system (Lf, 3/, d/ . S/L and the
thickness distribution of the nozzle), the advance coefficient

of the screw ( J =Vefp ), and the loading of the impeller and
nozzle are given. The impeller thrust and torque, the thrust on
the nozzle and the ideal efficiency of the system can be calculated
now for the chosen values of the design parameters.

In addition, the shape of the nozzle and the pressure distribution
along the nozzle can be computed.

The method for the calculation of the ducted propeller
characteristics is, in-a more detailed way, given in Appendix A.

It is shown in Appeundix A, that for the chosen load distributions
of impeller and nozzle, the shape of the nozzle is completely
determined by the values of the thrust coefficient CT° s the
impeller thrust - total thrust thrust ratio Uy, and the main
dimensions of the ducted propeller system. Here, the subscript
"o" denotes that ducted propeller system is considered with an
inpeller rotating at infinite angular velocity or with an advance
coefficient equ«l to zero. Then, the tangentially induced
velocities and consequently the losses due to the rotation of

the fluid are zero. The case that the impeller rotates with an
infinite angular velocity coincides with the case that the impeller
rotates with finite angilar velocity vhile a stator is used to
eliminate the rotational losses.
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Starting from given thrust coefficients Cy, , thrust ratios T,
(thus at J = 0), and the main dimensions, the characteristics
of a number of ducted propellers were calcuiated. It must be
noted that for the thickness distribution of the nozzle profiles.
£ all nozzles given in this report the NACA four-digit wing
sectiion basic thiclnmess form was used.

First, the shape and the pressure distribution along these nozzles
were derived. Secondly, the thrust coefficient Cy , thrust ratio
T and the ideal efficiency M ef these ducted propellers were

calculated over a range of advance coefficients J .

The data used for the computations and the results are given in‘
the Tables A‘I’ AZ and AB of Appendix A. Some results are presented
in the Figs. 2 through 9. Figs. 2 and 3 show the effect of the
thrust ratio U, on the shape of the nozzle and the
characteristics of ducted propeller systeme.

The effect of the nozzle length diameter ratio L/D and the
thickness ratio of the nozzle profile S/L are shown in the

Figs. 4 and 5 and the Figs. 6 and 7 respectively. The pressure
distributions slong the interior and the exi;érior surface of
various nozzles are given in the Figs. 8 and 9.

The afore mentioned method for the calculation of the ducted
propeller characteristics enables the analysis of the sectional
1if% coefficient C| of the nozzle undex design condition.
Analyses of the sectional 1ift coefficient C| have beén made
for nozzles with different thrust ratios T, , different
thickness ratios, S/ and different nozzle length diameter .
ratios 1 . The results which are independent of the value
of the thrust coefficient Cr, » are presented in Fig. 10.
The minimum pressure at the exterior surfacé of the nozzle and
the mean pressure at the impeller plane are presented in non-
dimensional form in Fig. 11, as a function of T, , L)y and S/L

> .

>
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Finally, an approximate method of .calculuotion has been followed in
order to determine whether an inprovement of the screw cavitation
characteristics can be obtained by application of a nuzzle. A
comprehensive set of data on the cavitation properties of
propellers designed according to the vortex theory (see Ref. [2] )
permits the introduction of the following empirical relation for
the minimum pressure on the screw blades:

[CPrmin] . Pmin—Pn __ m[24+087)Cr
MmN screw

Yap v S[Ae/A +02]

where the blade-area ratio and the number of blades of the screw
are denoted by Ae/!‘\ and Z vrespectively. The ducted propeller
may now be regarded as operating in open-water with an equivalent
uniform stream velocity ( Ve + Up ) and an equivalent static
pressure of the undisturbed stream [Pc/.) +Y Vet~ Yo P (Ve + Un)’] .
Term U, denotes the mean axial velocity at the impeller due o
the nozzle action. The relation between Up , C7 and T has
been calculated with the aid of the vortex theory given bhefore.

Hence, the minimum static preéssure coefficient on the impeller
blades of the dncte‘d propeller may be written as:

P P n[24+06Z]T € Un 2
Co =rmin_Fen T e 1-(1+2
[pm";lducted P v QLKG/A"'QZJ' w1 Ve

propeller

© - inalyses of the preFsure coeflicient Cp,,, corresponding to
ducteéd propellers with different thrust coeificients Ct angd
thrust ratios T , and for A!-'/Aﬂ and Z= 5 were made. The
result is presented in Fig. 12.

=1
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eriments with systematic series of .nozzle sha

32.1. Nozzle shapes selected for the experiments.

The wmain dimensions and the assumed impeller and nozzle
loading of the nozzles selected for the experiments were
mentioned already in the introduction and are given in
Tavle I.
The following variations of the design coefficients of the
nozzles were considered:
- variations in the thrust ratio T, at the design thrust
coglfficient Cr, (nozzles nos. 30,31 and 32)
- varistions in the length-diameter ratio Lf
(nozzles nos. 3%, 35 and 35)
- variations in the thickness ratio of the
nozzle profiles S/ (nozzles nos. 33 and 34)
The nozzle shapes .re presentea in the Figs. 13, 14
and 15 an. are .bulated in Table I1I.

boied L

| induel

bt

| 523

The experiments were all carried out with a series of five
bladed Kaplan type screws (Ed 5-100 series). The Kd 5-100
series screws were designed in combination with nozzle

no. 31. The pitch distributions of the screws depend on
the velocities induciid by the nozzle at the impeller
plane and on the radial load distributions of the screws.
Particulars of the screw models are piven in Table III and
in Fig.16. The screws were located in the nozzles with a
uniforn tip clearsuce of T WH. (aLout 0.4 percent of the
screw diameter D ).

3.2. Open-water tesis.

The tests were carried out with the usual tank apparatus
for open~waber tests of ducted propellers.
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Presentation of the test resu}§§,<
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Fig. 17 shows the measuring equipment which is fixed under the
carriage running over the tank during the tests. The usual
routine of open-water tests was followed; the RPM of the screw
was kept constant and by varying the speed of ‘advance the
desired value of the advance coefficient J was >btaired. The
RPM was chosen as high as possible to obtain a high Reynolds

number. Speeds above 3 m/sec could not be investigated on account

of the towing carriage. The tests were normally made at 350 RPM
of the screw.

Cavitation tests.

The nozzles nos. 33 and 36 were tested in the NSMB cavitation
tunnel no. 1, having a 90cm x 90cm closed working section and
a uniform flow distribution. A description of this facility is
given in Ref. [6] . The nozzles were fitted to the tunnel wall
by means of faired struts. '

During the tests the RPM of the screw was kept constant and by
varying the pressure and the water velocity in the tunnel the
region’ of bubble cavitation at the exterior surface of the
nogzzle was determined. The tests were normally made at 1200 RPM
of the screw. Corrections were applied to the velocity and the
pressure for tunnel wall intexrference. These corrections were
based on the thrust identity of the screws in the tunnel and

in the open-water condltion.

All the open-water test results were faired by computer and
plotted in the conventional way with the coefficients:
T
Pn? D"
Tn

“In=zmapn
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as functions of the advance coer‘ficientdax . The diagrams are
given as Figs. 18 through 2%. It must be noted that in the
presentation of the test results (Fige. 18 through 23) the
diameter D denotes now the tip diameter of the impeller.

In addition the test results were plotted with the coefficients:

_r g8 ¥r.

[

“RPVET, Mo " E&

=Jp.
v T
=9 KL
l?(’p_ 27 KQ

as functions of the advance coefficient J . These diagrams
are given in the Figs. 25 through 31.

The experimentally obtained relations between the thrust
coefficient Cy; and the thrust ratio T of the various
nozzles are giﬁen in the Figs. 32 and 33. In addition, the

design thrust coefficient C; and the design thrust ratio T
are given in these Figures.

For design nurpose, various$ practical resultis can be derived
from these diagrams. For instance, in the case vhere the torque
Q of a screw and Ve and n are given, the determination
_of the optimum diaspeter from a peint of view of efficiepey of

the ducted propeller system can be solved by plotting Mp
and &(6= -1—2-7) as functions of:

_‘_(_g _.n°Q _ AP

I T oV8 T 2wpPV,"

The well-known coefficient Bp is related S0 the 2hove
exp‘ressi'on oy the eguction:

Bp=3308.._Q./_2-

3%
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For all the nozzles the coefficients T éand § are given for
optimum diameter in the Figs. 34 and 35 on a basis of Bp .

In addition, the relation between Bp and C; for the different
nozzles are given in these diagrams.

As a compasrison, the optimum curves for efficiency Mp »
diameter coefficient § and thrust ratio T of the Ka 4-70
screw series in nozzle no. 19A; the B 4~70 screw series and the
K4 5-100 screw series in nozzle no. 33 are given in Fig. 36 on

a basis of Bp . Nozzle no. 19A is the standard nozzle profile
applied by the NSMB in the case of heavy loaded screws. This
nozzle is of the accelerating flow type (see Ref. [4] and [5] ).
Screws of the B 4-70 screw series are usually applied behind
single screw ships. (see for instance Ref. [7] ).

Finally, the results of investigations in the cavitation tunnel
with the nozzles nos. 33 and 36 are given in Pig. 37. In this
diagram, the faired curves for the onset of bubble cavitation
at the exterior surface of the nozzles are given as a function
of CT . .

The cavitation number G was baced on the speed of advance of
the ducted propeller system:

R P,
=2V
N ‘/IZPV:

' where Pe denotes the vapour pressure of the water.

Ni.annnaalammn aAf +ha -

A large number of theoretical investigationes have been conducted
on ducted propellers during the past thirty years. A generel
review of recent studies on ducted propellers has been given by
Morgan and Voigt [3] .
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Laad

They classified the calculations of ducted propellers into btwo
types:

- The direct. problem of the ducted: propellers, in which the
geometry of the ducted propeller system is given and the
pressure distribution and force on the duct must be
determined

- The inverse problem of ducted propellers, in wﬁich a certain
combination of impeller forces and duct forces are given and
the shape of the nozzle must be determined.

The present investigation is concerned with the inverse problem
although a slightly different approach has been chosen. In this
approach the nozzle shape was determined for a given uniform
loading of the actuator disc representing the impeller a 1 for

a given circulation of the nozzle. From a point of view of
simplicity in computation this method is very attractive, however,
it gives only the possibility of deterrining nozzle shapes which
will operate satisfactory for a given flow condition.

Some of the more general results of the computations were
presented in the Figs. 10, 11 and 12.
The result of the analysis of the sectional lift coefficient
C_. of nozzles was given in Fig. 10. The value of the 1lift
coefficient of the nozzle will give a rough indication with
respect to the danger of flow separation on the nozzle.
From two-dimensional airfoil flow it is well known that flow
separation will occur when the 1lift coefficient C; exceeds
a value of about 1. From Fig. 10 it can be seen that the risk
of fiow separation on the exterior surface of the nozzle is
small, even in the case of large thrust ratios T . The
application of the decelerating type of nozzle results in an
increment of the pressure at the impeller and a reduction of
the pressure at the exter;pr surface of the nozzle. Minimum
pressures which may occur at the exterior surface of the
decelerating nozzle were given in Fig. 11.
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of the various nozzles were siven in the Fige.

The effiect of nozzle length and maximum thickness of the nozzle
profile on the minimumpressure were shown in this diagram. The
result of the analysis of the minimum pressure at the impeller

blades of a ducted propeller was presented in Fig. 12. This diegram
shows that, for the particular screw zonsidered ( Ae/A =1 Z= 55,

oaly for low values of Cy , the flow decelerating type of nozzle
affects favourably the cavitation properties of the screw. If
ducted propellers with larger Dlade area ratios of the impeller

or with more rotor rows are considered, the flow decelerating type
of nozzlr may even for larger values of the thrust coefficient Cy
favourably affect the cavitation properities of the screw.

The results of the experimental investigations were shown in the
®igs. 18 through 37.
"he relationship between the thrust coefficient Cq; and the thrust
ratio T of nozzle no. 33 in combination with the various screws
of the Kd 5-100 screw series was shown in PFig. 33. It can be seen
from this diagram, that, as might be expected, this relationship
is approximately independent of the pitch ratio of the screws.
The small differences which occur ney be explained by the
differcunces in robtational losses and radial load digstributions
of the screws and by frictional effects. Thc relationships between

Cr and U of nozzles ros. 30, 31 and 32 (Fiz. 32) and nozzles
nos. 34, 35 and 36 (¥ig. 33) was, therefore, only given for the
screw with a pitch ratio of 1.4. In addition, the dasign thrust
coefficivuts Cr .and thrust retios T at Jd =0 and J= 1.0

ge. 32 and 3%. Although

a number of sinplifying assumptione were made ‘n tho development;
of the theory for the nuterical calculationz of thae nozzle shapes,
(1t wes a linearized Gheory, the immeller wag rermaacnted by a
unifoxnly loaded actnator disc, tip clearsnce cffocts vere notv
telken inteo assount, the effect of fristlon was ne-locked) a d
reagonoble egreenent Letwesn the calculated relaticaghip of Cp ’

2 U

.,

of the wasdiouvs nozzles w0 i aune o %odmed o0 the ooy

ver benss vwns Lovnd,
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The open-water efficienoy p and the diameter coefficicent &

of the various nozzles were given for optimum coadition from

the view point of efficiency in the Figs. 34 and 35 on a base

of Bp . In combination with the Figs. 32 and 33, these diugrams
show clearly that, by comparing the properties of the divtf :vent
nozzles, the open-water efficiency T decreases with lwucruusing
thrust ratio T . The diameter coefficients of the various
nozzles are nearly the same.

Optimun curves for open-wateg efficiency "?p , diameter coefficient
& and thrust ratio U o¢f the Ka 4-70 screw serlieées in nozzle

no. 194, the K4 5-100 screw series in nozzle no. 33 and the B 4-70

screw series are presented in Fig. 36.

Typical Bp - values for different ship types are:

-

torpedo's Bp <10 = or (7<0.5
twin-screw ships 10 - 15 20,5 - 1.0
fast warships (frigates) 10 - 25 2 0.5 - 1.5
single-screw cargo ships . 215 - 35 21.0 = 2.5
tankers 35 - 70 « 2.5 - 4.0
towing vessels (tugs, pushboats) >80 > 5.0

The lightly loaded screws of fast ships are on the left hand side
of Fig. 36 while the heavily loaded propellers of towing vessels
are on the right.

The propulsive efficiency of a ship depends on the open-water
efficiency of the screw and the mutual interference of screw
and ship. A serew behind a ship normelly coauses an increasc in
the drag of the ship because of tke low pressure due to the
acceleration of the flow in front ~f the screw. This increase in
drag is called "*hrust deduction".

The accelerating nozzle (noszle no 19i), il compared with a
conventional screw propeller (B 4=7! ncrew series) gives raise
to an improvcment in onen-wator elffic lensy "?p in the case of
heavy serew loads (see Fip, 36). Howevor, feom the viowpoint of

o imm bt bl il

L N,
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thrust deduction, the application f this nozzle type is
questionable. The decelerating nozile (nozzle no. 33) has a
relatively low open~-water efficieniiy; with regard to thrust
deduoction, the application of this nozzle type may be attractive.
Ig ~he case of heavy sorew loads (ull types of towing vessels)
the attractiveness with iregard to propulsive efficiency of
application of the accelerating nozzle has been demonstrated in
‘ practice in the course of the past thirty years. For middle and
{ " lower screw loads (tankers and single-screw cargo'ships) the
increase in propulsive efficiency through application of an
accelerating nozzle strongly depends on the stern-nogzzle
configuration. '
In this range of screw loads, however, ths application of a
; decelerating nozzle may also become attractive when other than
N hydrodynamic factors influence the choice. -

<

It can be seen from Pig. 36 that at low Bp-values the open-water
efficiency of both the accelerating and the decelercting nozzle
decrease with respect to the efficiency of the B 4-70 screw series.
This fact can be explained by the relative increase of the
frictional and the induced drag of the nogzle. The curves of the
diameter coefficient & of the accelerating and the decelerating

" nozzle almost coincide; the B 4-70 screw series has a larger

i " optimum screw diameter. It is interesting to note that the curves

~ of the diameter coefficient based on the maximum diameter of the

& system &* of both the accelerating and the decelerating nozzle

| and of the B 4~70 screw series almost coincide.

il
i¢

‘The cavitation numbers at which incipient bubble cavitation at
the exterior surface of the rozzle nos. 33 and 36 was observed,
are presented in Fig. 37. Comparing the results given in this
diagram with those of the rough analysis of the minimum pressure
at the impeller blades of a ducted propeller (with Aqh = 1 and
Z= 5) it can be concluded that only &t very low screw loads
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( CT.> 0.6), cavitation phenomens at the exterior surface will
occur before the screw cavitation. If impellers with a larger
blade aren ratio or with more rotor rows are used, then the
ducted propeller system will become more critical for cavitation
phenomena at the exterior surface of the nozzle.

Finally, it must be noted that no experiments were carried out

to determine the effect of a small angle of attack on the
cavitation performance of the tested nozzle shapes. The equipment
for performing these experiments did not operate satisfactory.

Conclusions.

As a result of the investigations the following conclusions
can be made:

- The risk of flow separation on the exterior surface of the
flow decelerating type of nozzle is small, even in the
case of large thrust ratios.

- ¥hether an lmprovement of the screw cavitation properties
can be obtained by application of the decelerating nozzle,
depends on the particulars of the screw considered., A rough
analysis shows, that for screws with AeA =1a8and Z= 5,

" tae flow decelerating nozzle favourably affects the
cavitation properties of the screw only at low values of

the thrust coefficient C1 ( Cy < 1.5). In the case of
large thrust coefficients, the flow decelerating nozzle will
favourably affect the cavitation properties of the screw if
ducted propeller aystems with larger blade avea rabios of
the screw oy wit: more rotor rows are used.

- Although a numbsr of simplifications were used in the
development o' the theory for numerical calculation of ‘the
nozzle shapes, a reasonable agreement was found between the
coiwputed properties of the nozzles and those obtaincd by
the open-watexr tests.
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.
{ - Thére exists & fixed relation detween the thrust coefficient
U ? Cy and the thrudt ratio T of 1 nozzle, which relation is
Fi \: appi aximatsely independent of the particulars of the screw
. 1 considered. Thig property determines the range of application
i 'of the nozzlea

POy

/

P L T VD SN

- Bv comparme' the open~water efficiency for optimum condition
' ; } 3ot various ducted propellers, it was found that the efficiency
VL e the éystem decreases with increasing value of the thrust

ratio T . The optimum diameters of the various systems were
about equal. It wam interesting +to note that for optimunm
condition the maximum diameter of both the accelerating zud
the decelerating nozzle and the considered screw series were
#early the same.
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CL eacbtional %-’ anffiedent of the nosule

Cp yxeesure caefls, ' ,&; vb,?
] €

Cr vhrust coalffioimnt, I
, Z A %) ot
. d  hub diamebex Ve T
D  nonule dimmeiar (see Fig, 1) ; impeller diameter
- A% blede ureu ravlo ol tho soxrow
z J advanco coefficient, 7%&.

Ky thrust coefficient, ""I_F
2
torque coefficient,__Q
5

3
P
3

u®)
N number of revolutions per second of the screw

 d—
O

local static pressure

Pen static pressure in the undisturbed stream

{~—1

Py vapour pressure

; Q@ torque
) R propeller radius
l S maximum thickness of the nozzle profile
1 ) Six) shape of the mean line of the nozzle profile
i (see also Fig. 1)

thrust

=
-

Ve undisturbed stream velocity

5

. Z number of screw blades
* 8 diameter coefficient, 10127
] £ specific mass of fluid J
I G cavitation number of the undisturbed fluid, -‘Zp_k'_-{/P :
e
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o "?p open water efficiency
_ 'Qi ideal efficiency
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;? U impeller thrust - fotal thrust ratio
; w rotational velocity of the screw
Subscripts:
p propeller
n nozzle
o valuc of the cvefficient at J= O
E
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] nossle | . ' » T | .
| } aunber | e | Vo | WO | % % X
30 | 0.95 {1,900 |0.6 [0.5 [0w15 | 0.20 |
!
] 32 03§95 ’i«g}Q 006 005 00‘15 0020 i
| 33 1.0 [1.2 |06 |0.5 0415 | 6.20
], % [1.0 |1.2 | 0.6 [0.5 0,09 | 0.20
[ 35 | 1.0 |142 [049 (0.5 |0.10 | 0,20
-l 36 [1.0 [1.2 [2.2]0.5 0.075| 0.2¢
Table I : Design parameters of the tested nozzle
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Diawetvexn D 240 mn
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Pitch ratio (ab 0.7 D)
Blade avea xatio
Zlade outline

dlade section

Propellers indicated
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Kanlan troe

TASA 16-parabolic camberline
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. Appendix A,

theoretical anilysis of ducted propellers

1. Representation of ducted propellers by vortex
distributions.

The calculations of the ducted propellers were based on
the following assumptions. The forward velocity was
assumed to be sufficiently large, the nozzle loading
and the blade loading of the impeller sufficliently low
to permit the application of the linearized theory. The
effect of the hud shape on the flow fleld was neglected.
The ducted propeller sgystem considered consists of an
annular airfoll of finite length and sero thickness and
of an impeller having an infinite number of blades.

The mathematical model of the ducted propellexr
configuration can be composed by means of vortex
distributions.
The impeller was regarded as a uniformly loaded actuator
disk set normal to the free stream. It wag driven to
rotate with an angular velocity w . Free trailing vortices
started from the propeller disk at hub and tip radius.
The flow around the nozzle was represented by a sinusoidal
bound ring vortex distribution with zero strength at the
leading and the trailing edges and by a ring vortex
distribution with zero strength at the leading edge and
equal to the strength of the circumferential component

... of the helical trailing vortices at the impeller disk.
The resulting mathematical model is ‘summerized in Fig. 4.

Assume the vortex strength per unit impeller disk area
at the inpeller tip to be equal to X(R‘)" the strength
of the different vortex distributions then becomes:

Sid R Nid BN/

1 = e e ey K

| SRR |

e aiod ] | cincesennd iy r

| g )
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— vortex strength per unit impeller disk area

yir) = By (/)
— strength per unit area of the trailing vortex
sheet starting from the impeller disk at the
tip radius
Visp®'y ()
~strength per unit area of the trailing vortex sheet
starting from the impeller disk at the hub radius

W i x(RJ
—strength per unit area of the bound ring vortex .
distribution along the nozsle
H(g,)_ﬁu_e,_ (for —-alL {xqo0)

2Va(1-a )

X(R') SIN © (for -—&L {x {(1-a)L)
where,

,u..‘ﬁvﬂt , 7\.3;_, X+(a~-05)L =-o08L cos8
e 1

and the definitvions ofR, ,R; 4 ryx, Ly a and so on,
are given in Figure a.

2. Calculations of the flow field

The total induced wvelocities can be calculated according.

to the law of Biot-Savert if the main dimensions of the
ducted propeller system (R,,R, , L and a ), the loading

of duot and impeller ( y (R)) and ) (R)) , the rotational
welacity of the impeller (¢o) and the undisturhed stream
velocity (Vo) are given. In the following, we will give

the induced velocities in the point (x ,r) of the flow field
due to the various vortex distributions.

The relations ars made non-dimensional in the following

ways
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i = —x— . E = .g. ? - -C Ag _Bﬂ =_l.‘_
R BCCTR TR UTR
3 - y(R) 7 _ H(R)
Ve
W Wa.c.or r
agorr = T where a , t and r denote
e

the axial, tangential and
radisl induced velocities
respectively.

(1) Induced velocities due to the vortices representing
the impeller disk

w”(“) =0
i T

)- -
x. )=y Ay lxr) A, (x7)=1 J I XCos 2y
o " [x +(r4+‘)°'-4r.rsin°"y]%

wg)(is?);o
(2) Induced velocities due to the trailing vortex sheet
starting from the impeller disk at the tip radius
“ Th
Wy ) A A (F) Ay ()= L f | [y 4 Pli+Pcosay)
[{}Lx T,} ol [(4 +71-4F sm’\p}]
VLR YA (P Ay (RF )= ;'t.Jdt dy — A(Frcosay) S

K'i F)..,u‘fA,_; (XF) Agalx r-),___l:a-; Y[ MEux-T] cos 2y ]5,
o |0 s e 2

(3) Induced velocities due to the tralling vortex sheet
star’ing from the impeller disk at the hub radius:

(
Wy

w7 = = JuJAgy (%) A"‘*""*I“Ttivt{ ME(\+F cos 2v)

MX T} + /u{()wr) -UNT sm’\y]]%
T (R¥)= ¥ Ay q(XF) A,ﬂ,(i}):-ﬂdt[dny AR {7 +Acos 29) .

N
n % -
Wf-”(i,’r“)=,4&fA3;5(iF) As(%F)= %S;At-f:i? [_..../\_’uEA_Li-fj io_s- ii ——]%

(3)

r;:illl___]L__;.JL__JL___}L_.JL_—JHmﬁf
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4 Induced velocities due to the discontinuous ring
vortex distributions along the uozlle
o TA

Wgmy = - . | T (14T 005 2y) sin©

Ws (RF)= Y A (XF) Ay (XF)= d¥
a MY A 4 27!:0;(1-3?_ i J. f [x-'g) (I+r)"4rsm’nﬂ¥
(")(‘F)_.o .

dgjéq, (X- )oos 2y

[ k-

|-. T Y il L L}

W)= - - -
Wr X,r} 3/"5‘ Aq; (x:r) A43 6(‘(')

27\A(1-a) (i -a)
5 Irnduced velocities due to bhe s:.nusoa.dal ““ing Torben

distribubior along the aozzle:

(a1
P v XF (141 ) sin
Wy R = X, Asy(XF)  Ag, (XF)= L | d5[d cos 29) sind
8‘ 51 5.1 n‘l’? f lf’ [(x §\2+(‘*r) l‘r 5“-‘2 LV} /1

)= =y _
WT (x,F)=0
(|-3)'? L) -
WERFI § 1Ay KF) Ay i5F) =_15(_§d _EJde‘f i'( X-§) cos 2y $in 6 _
IR A S —

The total induced velocities mzy be woeltosn as:

Wa (XF)= MPAGF I FA KF Y A (RF)= Agy(KF +A11(x?‘)+Aq1(xF)

Az(i.a: )=A51 (
Tixr)= } As x,r} As (-)?.F)-’Am(;&f) +A,, (%1 3+ Azq ' X,F)
‘W'".’('i;’h /U.? Aq(;.l::}:‘ﬁ‘:, AS(Z,F‘) 'r‘-‘\q X Anm.l ] Ay {xir)+ Al txard

Ag(RX.F)=Agy(%F
where the coefficients 4 o f‘n‘-ctio*ﬂs of I,F eead
bhe main dimensionn of the ducted propeller systen
(thus Ry, R,y L and a ) only. Thege coefficisuts are
indgpendent of Luc vouien dwweitles Y(R)) ard i (R)
and re odvoace coelficiens o, .

;.

l'l
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3. Calculation of the camberline of the nozzle profile

4,

The shape of the camberline of the nozzle profile can
be obtained from the relation:

g5t L WrNR) o sr(x)g’f W (8.81) d g
dx Ve (] V¢

where the definitions of S(x)is given in Pig. 1. This
relation may also be written as:

5(x)= §.@:.‘L = pf BRA)+ [ B2 (%) (1)

X
B,(5%4) -_X Ay (1) 4l
By(%,1) = 3 As (£1) dE

Prouﬁro distribution along the nozzle
With the aid of Bernmoulli's theorem the pressure
distridbution along the noszle can be caloulated.
The -static preasure soefficients Cfi(x) and cp(x)are
Safingd oY
cp (x)s EoxERo
%/OVQ’
.
Cp (X 5 (X-Rn
Zp\é

"R, and \, are the stavic pressure and the velocity of

the undisturbed flow,

P"(x) sxd P(x) sre the static pressure at respectively
the inner and the outer side of the nozzle as a function
of the location.

Calculation of the pressure distribution along the nozzle
gives:

- B e R S ma o e e e e e - Cen e e e

. . oy [ P haiaca

RN
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Cp Rl = My BF,1)+]; B, (%), (2}
Cp (X)= i} Bg(®A )+ By (x4) (3)
where,
By (%1) = RuLSNO__ L R, _24,(%,1).
2Va(1-3)

Bq(;‘ﬂ) = 8inG _ 2 A, (¥,1).

By(%1) = ASNO R, _24,(%,1)
aVali-a)

Bg (%,1) =— SINO—2R, (%,1)

and
R=1 Ry=0 for ~anp(% (o

R=0 Rym=1 for o % (-a )y

5. Calculation of thrust, torque and efficienoy

The non-~dimensional thrust and torgque coefficients are
defined by:

Crw— T Cr. . _tporn
T %ove T o Toorn tapVe 7 1
Cqerd— T -1 SCke

kpVe 7400 T

where T ,Tp , T, and denote the total thrust, the
impeller thrust, the nozzle thrust and the torqud.
The thrust and torque ccefficients beccme:

CTP~= M+ Frc (4)
Cr, = (uyfCy+ pyﬁ C, +X‘2C5 (s)
Cr = GTP'+ ng (6)
=i [ ppCe+grcs + 1 co (%)
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Wh‘:’re’ C{’,‘Q.Cs = 2(1->\2)
Cp= AJ‘AS(O.’F)/dF
A

Cy= —_— fAB(x,1 ) sin @ &%

Vi-a 3, o2
Cy=- JAs(x,1) sine d% 4SA4(X1) 6in ©dx
aVi-a' -
f=a)p ™~ 7
Cy=-4 SAS (x,1) sin B dx

-’an?
Cy= 2| A, (o) F dF
A
1
cpgzj'A, (o) T dF
The eft‘iciency of a ducted propeller system is defiaed s

m.o=L.C
i 3w G (8)

6., Fresentation of the computation resulis:

The shape of the camberline of the nozzls profile, 5(x)
the pressure dis’crn.bu’c:.oa along the nozzle, Lp(x) audd
Cp(x) , the thrust and torque coefficients C.TP ) "Tn o o7
and CQ and tvhe ideal efficiency of the ducted y:.j»ller
system were given in the relations (1) throuy: (*). From
these relations, it can be seen that S(x), Cp(x) , Cplx),
Cr4 Aémd,uCQ—ane completely deternined Ty

the mein dimensions of the ducted propellex 7500 1

given by Ry + Ry oL &nd a .

The worte denaity; 51

Yhe product of ths vorbtel: des ity X anvl Phe odvouce

ratio A

T T vpUUD U NG

P

-

e
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The thrust coefficient ch and consequently the total
thrust coefficient ¢ and the ideal ei?:t?:f.ciency''\'(.t depend .
not only on the product ,u.X but also on 8

i bed ol bed N

The impeller is represented by an actuator disk rotating
with an infinite angular velocity if the undisturbed
stream velocity ¥ and the product My are kept cunstant
and the advance coefficient y becomes infinite., Then the
vortex density X’ goes to zero. Besides, the tangentially
induced velocities and consequently the losses due to the
rotation of fluid become zero. The case that the actualor
disk rotates with an infinite angular velocity coincid s .
with the case that the actuator disk or the impeller
rotates with finite angular velocity while a stator is
used to eliminate the rotational losses.

The total thrust coefficient Gy , the thrust ratio T

and the ldeal efficiency M; in that case are denoted by

CTO ® 'Co and. 4?'.0 .

el bed  lod

booaii  foed

| R

The shape of the camberline of the nozzle prefile is also
completely determinel by the wvalues of 0‘-0 s L, and the
main dimensions of the ducted propeller system. Calr .ations
of ‘the thrust coefficient Ct , the thrust ratio T ana the
ideal efficiency M, » at various advance coefficients M
vere made for a number -of nozzle shape glven by C-ro » Tg

and the main dimensions of the ducted system A , m and 3
In addition, the shapes of the camberline of the negzzle
profiles and the pressure distributions along the nozzle
surfaceswere calculated. The data used for the computations
and the results are given in the tables Ayy Ay and A5
respectively.

Bz bl beed  beeed  beid el

| .-
‘
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7. Effect of the thickness of the nozzle profile on the
flow field

Eitherto , only nozzle profiles with zero thickness
were consldered. The thicxkness effect of the nozzle
profile on the flow field can be taken into account
in the linearized theory iy representing the nozzle
by a distribution of ring sources and sinks along a
cylinder with radius R, (see Fig. 1). In the case of
very thin noszle profiles, the étrength of* the sink
and snurce distributions representing the nozzle profile
can be calculated by considering the flow around the
profile as two-dimersional. Then the local source
strength is equal to the derivative of the profile
thickness:

A g A

P pigrnansp Rl
<

PRI S Gudpisier syt ity

dh(€)
where h(g) denctes the local thickness of the nozzle

protile. If the source strength 4}(5)18 made non-
dimensional in the following way:

g (€ sﬁ)
g - %

R N,

the induced velocities in the point (x,r) of the flow
field due to the ring sources representing the thickness
of the nozzle become:

\./“')‘(:;F.)___._K il [ J,g {x_l:u-. Ak (%-%) -
_4.7 > 7 %8R (147 - 47 siny %
W%, F) =0
4-ayp_*A

: — (6)

[(i 'g) +0+F) = 4 7 sin® \p]é
and the effect of the thickness of the nozzle profile
on ‘the pressure distributions along the nozzle, the

impeller thrust and torque, the nozzle thrust and so

= ==

Sl

i
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8.

or can be calculated in an easy way.
These calculations will not be given here in detail.

Tabulation of the results of the computations

The results of the computations are tabulated in the
Tables Agy Ay 8nd A3' Table A, presents the thrust
coefficients Cy, , the thrust ratios T, and the main
démensions of the ducted propeller systems for which
computations were carried out. All the considered
nozzle shapes had a NACA four-diglit basic thickness
form. Table A, gives the effest of the rotational
velocity of the screw on the ideal efficiency ), , the
thrust coefficient Cy and the thrust ratio T of the
ducted propeller systens.,

Finally, Teble AZ‘ presents the mean lines and the
pressure distributions along the nozzles of the
various ducted propellers. In addition, the ideal
efficiency m; for 3J=o Wio’ is given in this
Tables
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Table A2 - Effect of the advance coefficient J on the
Eﬂ ; thrust coefficient Cy and the thrust ratio T
O’ * of the considered nvzzle shapes
i |
. Nozzles Nr. A | | Nozzles Nr. B Nozzles Nr. C
IQ -
s J=1
i i Cy L WARNE C c T
y ' \ %T ' /Tao, VCIQ T/'Lo VCTO _ A.-'o
? 0 41.000 | 1.000 1.000 |1.000 1.000 |. 1.000
f 0.25 0.999 | 1.000 0.996 {1.001 0.995 | 1.002
§ 0.50 0.989 | 1.000 2.985 |1.003 0.979 | 1.006
; 0475 0.976 | 1,000 0.966 |1.006 0.954 | 1.013
| 1.00 0.953 | 1.000 0.939 [1.012 0.917 | 1.026
¢ 1.25 0.935 | 1.000 0,905 [1.017 0.870 | 1.043
{ | 1.50 0.905 | 1.000 0.862 [1.027 0.814 | 1.066 |
- 1.75 | | 0.871 | 1.000-| | 0.815 |1.038 0.748 | 1.097
: . 2.00 . 0.831 | 1.000 0.756 |1.054 0.669 | 1.142
L .
-3 Nozzles Nr. D- Nozzles lir. E Nogzzles Nr. F
: -
J=1
M G C T C e
3&%, Y. | | Ver, /e Yer, | %o
0 1.000 | 1.000 1,000 !1.000 | { 1.000 | 1.000
; 0625 0.995 | 1.000 0.992 | 1.002 0.990 | 1.00%
. 0.50 0.979 | 1.000 0.970 | 1.005 0.95% | 1.012
0 0.75 0.953 | 1.000 | {1 0.932 | 1.013 0,907 | 1.029
1.00 1 0.915 | 1.000 - 0.878 | 1.023 0.834 | 1.057 |
o 1.25 | | 0.868 | 1.000 | | 0.810 |1.039 | | 0.741 | 1.100 |
.50 | | 0.809 |1.000 | | 0.725 |1.063 | | 0.626 | 1.471 |
1.75 0.743 | 1.000 0.630 | 1.098 0.496 | 1.291
2.00 0.662 | 1.000 | | 0.513 | 1.158 0.337 | 1.562

BRI

B P
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Table A3 - Mean lines; pregsure distributions along the
nozzle profile and ideal efficiency of the
consldered ducted propeller systemsa.

. Y
i ]
:ﬂ

nozzle + 5

Ay 1 [[0.88Y - 0.600 | + 0.030 | = 04072 | = 0,072

,' " - 00540 + 000(?.6 - 00025' - 00433
: g - 0.480 | + 0.022 | - 0.009 |~ 0.159
N ‘ - 00240 + 00010 + 00009 - 0r220,
- 0|+ 0|+ 0 |- 0.250

:I + 0|+ 0|+ 0 |+ 0.250
+ 0.2’-‘-0 - 00010 - 00010 + 00220

+ 004’80 - 00022 + 0.009 + 00459

H "4 0,600 | - 0.030 | + 0.072 |+ 0.072

| A, 2 |]0.898 - D600 |« 0,011 |+ 1.977 |+ 1.977
'J : - 0.540 | - 0.007 | - 0.378 |- 0.321

! - 0480 | = 0,003 | = 0.431 | = 04353
‘; - 00240 + 00005 - Oo%q - 00562
’ ] - 0|+ 0 |- 0.387 |~ 0.258
+ O|=- O | = 0.387 |+ 0.243

+ 0.240 | - 0.017 | -~ 0.248 |+ 00329

- + 0.480 | = 0.047 | = 0.073 |+ 0,305
J + 0.600 - 00066 '.' 00121 + 00121
] A, 3]/0.889 |- 0.300 |+ 0,022 | = 0.090 |~ 0.090

) - 0.270 + 0‘020 - 00659 - 00148
‘ - 0.240 | + 0.017 | = 0.022 | = 0172
- 0120 | + 0.008 |+ 0.003 |« 0,226

] - 0|+ 0|+ 0 |- 0.250
+ 0|~ 0|~ -0 |+ 0.25%

, + 0.120 | = 0.008 |- 0.003 |+ 0.227
] + 0.240 | = 0.017 |+ 0.002 |+ 0.0172
1 AU D D D

F Ay & 1] 0,899 = 0300 |~ G,000 |+ 1.952 [# Te952
- 00270 - 00004' + 1087" + 10960

, - 0,240 | = 0,093 |+ 1,815 | + 1.937

] - 0.120 - O |+ 1;592 + 10778
- 0]~ O |+ 1.326 |+ 1.529

+ 0| = O+ 1.321 | + 2.023

l + 0,120 |~ 0,008 |+ 0,981 |+ 1.625
+ 0.240 |- 0,024 | + 0.361 | + 0.783

. + 0300 | - 0,034 | + 00;‘15 + 00415

-
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Tahle A3 (continued)

ey

i

nozzle -
number | i, R Six)p Cp
B, 3 [0.849 - 043004 = 0,005 | - - 0.027
- 0.270 | - 0.002 | - + 0.100

1= 00120 + 00004 ot + 00240

L 01+ C |- T+ 00252

+ 0= O~ + 0.852

+ 00120 bt 00014‘ hand + 00785

+ 0024‘0 - 0004‘1 - + 00562

+ 0.300 | = 0.058 |+ + 0,187

B, “l' 00954’ - 00300 -~ 0004'5 'i' + 2004‘0
h bl 00270 il 00031*' + + 20295

- 0,240 | - 0,026 |+ + 24370

- 0,120 | ~ 0,004 |+ + 2404

- O+ O |+ + 24204

+ 0|~ 0o |+ + 2.799

+ 0120 | -~ 0.016 |+ + 24341

+ 0,240 | = 0,054 |+ + 1.284

+ 00500 - 00080 + + 00238

B’ 5 00850 - 00900 - 00008 - hind 00002
- 00810 - 00005 - + 0004’6

- 0,360 |+ 0.004 |- + 0.095

- O + O - + 00086

+ O - O - + 00086

+ 0.360 |- 0,019 |~ + 0.015

+ 00720 - 00059 (ot + 00427

+ 0,900 |- 0.088 |+ + 0.147

B, 6 [0.877 - 0,900 |- 0.077 |+ + 2.062
: = 0.855 L= 0.068 I~ - 0.214

- 0.810 |~ 0.059 |- ~ 0.199

- 0,720 |~ 0.04% |~ - 0.177

- O |+ ¢ |- + 03142

+ 0 |- o |- + 0c742

+ 00360 - 00034‘ - + 03778

+ 0,720 |~ 0.107 |» + 0.721

+ 00900 - 00157 + + 00490
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Pable A5 (continued)

34.

nozzle . + -
number | Mo ﬁﬁ Sh»& Cp Cp

Dy 3 |0.801 - 0.300 [ + 0,044 | - 0,179 | = 0.179

1= 0270 { + 0,039 | - 0,078 | = 0,296

- 0024‘0 + 00034' bt 0.0q“g - 0.34'4‘

- 00120 + 00016 + 00006 - 004'52

- Of+ Of- 0 |- 0.500

+ O}~ Ol=- O |+ 0.500

-+ 00120 | = 0.016 { = 0.006 | + 0.453

+ 00240 hand 00034‘ + 0.045 + 0034‘5

4+ 0,300 | - 0,044 [ + 0,178 | + G.178

Dy 4 |0.805 = 06300 | + 0,020 | + 1.855 | + 1.855

- 0.270 + 0,018 | + 1.842 | + 10785

- 0024'0 + 00016 + 10809 + 4073‘1

=~ 06120 | + 0,010 | + 1.623 | + 1.503

- O + O + 1.357 + 4.226

+ 0|« O 14+ 1.351 | + 2.221

+ 04120 | = 0,015 | + 1.006 | + 1.802

+ 00240 1- 00039 + 0,400 | + 00921

D, 5 |0.301 = 0,900 | + 0,067 | = 0.124 | = 0,124

. ind 00855 + 00061 - 00054 - 0.209

1= 0810 | + 0,057 | = 0.030 | - Q0,247

‘= 04720 | + 0.048 | = 04003 | - 0,302

- 00360 + 00019 + 00024 - 00452

- O+ O|- 0|~ 0.498

+ O |- Of~- O+ 0.501

+ 00560 - 00019 - 00026 + 00434‘

+ 0,720 | = 0,047 |+ 0.002 | + 0.303

D, 6 ]0.805 - 0,900 | + 0,004 [+ 1.929 | + 1.929

) T= 0855 [+ 0006 1= U457 = 0477

- 00310 + 00008( - 00462 hag 00919

- O0720 + 000'11 hand 00500 - 00578

~ 04360 |+ 0.013 |- 0.464 | - 0.583

- 0+ 0|~ 0.367 | - 0.497

+ 0|~ O = 0.366 | + 0.504

+ 04360 | = 0,033 |~ 0,249 [+ 0.549

+ 0,720 | = 0.091 |+ 0.040 { + 0.563

+ 00900 - 00429 + 00456 + Ocll‘56
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Table A5 (continued)

nozzle + -
number | Tig %R S(x)/R Cp Cp
E, 1 00758 ol QOGOO + 00031 - 00096 - 000,96
bt 0054‘0 + 00029 - 00102 - 0.101

- 0.480 |+ 0,027 | = 0.108 | = 0.107

- 0.240 |+ 0.017 | = 0137 |= 041534

- 01+ O|= 0176 | = 0.173

+ O |- Ol= 0176 |+ 1.0206

+ 00240 - 00029 - 0.'180 + 00922

+ 0,480 |- 0.079 | -~ 0.065 |+ 0.656

+ 0.G00 |- 0.112 | + 0.250 |+ 0.250

Ey 2 [ 0746 = 0,600 |~ 04010 | + 1,954 [+ 1,054
- Q480 |+ 0,002 |~ 0.530 |- 0.300

-~ 0,240 |+ 0.012 | = 0.627 |- 0.274

- O |+ 0= 0.563 |- 0.179

+ O |~ 0 |- 0.56% |+ 1.022

+ 0,240 |- 0,037 |- 0.420 |+ 1.033

+ 06480 | = 0,10 | ~ 0.148 |+ 0.803

+ 00600 - 0011!‘9 + 00300 + Oo299

Ly, 2 [0.737 - 0.300 |+ 0.022 | = 0,124 | = 0.134
- 0.270 |+ 0.021 | - C197 |- 0.077

- Q0240 |+ 0,020 | = 0,223 |~ 0,058

= 06120 |+ 0,014 | = 0.284 | = 0,071

- 0|+ O]~ 0,524 | = 0,043

+ 0 |= O |- 0.%204 |+ 1,152

+ 0,120 |~ 0.024 | - 0.208 |+ 1.055

+ 0,240 |~ 0,001 | - 0.11C [+ 0.769

+ 00300 - 0-085 - 00291" *+ 00294'

'E’ I"‘ 00747 - 00500 - 00008 + 409’]" + 109’14
' - 00270 - Q.OOLQ' + qo709 -+ 20042

& 0240 1= O |+ 1.607 |+ 2.066

-~ 00420 \\+ OaOO? + 102-93 + 10995

+ 0 |~ O+ 0.984 |+ 2:918

+ 0240 |~ G 068 |+ 04216 | + 1.5

+ 06700 |- 2,000 |+ 0.325 |+ 0.%2%
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